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CREDIT 
This  f ina l  technical  r epo r t  r ep re sen t s  the resu l t s  accomplished 
during the past  year  i n  a p rog ram on Range Gated Tempora l  
Reference Acoustical  Holography. Work was c a r r i e d  out a t  
McDonnell Douglas fo r  the National Aeronautics and Space 
Adminis t ra t ion,  Elect ronics  Resea rch  Cente r ,  Cambridge,  
Massachuse t t s ,  under Contract  NAS 12-2166. 
ABSTRACT 
This  study f i r s t  examines  the genera l  medica l  imaging requ i rements  
for  noninvasive visualization of soft  t i s sue  s t ruc tu r e s  in  mail. 
Selected imaging techniques,  including both conventional pulse-echo 
imaging and var ious  acoust ical  holographic imaging techniques,  a r e  
then d i scussed ,  and acoustical  holography i s  shown to exhibit dist inct  
advantages. A double pulsed ruby l a s e r  method of optically record ing  
a t empora l  r e f e r ence  acoust ical  hologram appears  to be the mos t  
promising holographic imaging technique cur ren t ly  available. The 
p r i m a r y  conclusion of th is  study i s  that  acoust ical  holography, 
utilizing existing techniques,  i s  generally feasible fo r  the noninvasive 
visualization of soft  t i s sue  s t ruc tu r e s  in man. 
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Section 1 
INTRODUCTION 
An ideal  method for  noninvasive visualization of soft t i s sue  s t ruc tu r e s  
in man  would be  one capable of the  following operating cha rac t e r i s t i c s .  
F i r s t ,  it should be able to visualize soft  t i s sue  s t ruc tu r e s .  Second, 
i t  should do so  without the u s e  of harmfu l  radiation. Th i rd ,  to be 
noninvasive, i t  should not r equ i r e  the  introduction of foreign ma te r i a l s  
into the body, such a s  injections of radiopaque dyes o r  bar ium mea l s .  
Four th ,  i t  would be des i rab le  to r e c o r d  the information a s  a t h r ee  
dimensional  image.  Finally,  i t  would be even m o r e  des i rab le  to 
make  , these recordings  repeti t ively in the f o r m  of a t h r ee  dimensional  
movie.  At  p resen t  the re  i s  no s y s t e m  available with a l l  of these  
capabil i t ies.  
To visualize soft  t i s sue  s t ruc tu r e s  bur ied in optically opaque media  
i t  i s  neces sa ry  to in terrogate  the media with some f o r m  of radiat ion 
which wi l l  in te rac t  suitably with the soft  t i s sue  s t ruc tu r e .  The 
s t ruc tu r e s  a r e  charac te r ized  by the exter ior  surface  a s  wel l  a s  the  
m a t e r i a l  compris ing the m a s s  of the t i ssue.  X-rays in te rac t  with 
the chemical  e lements  compris ing the t i ssue.  The interaction i s  
one of absorbt ion,  the absorbtion being grea te r  the higher the a tomic  
number of the  e lement  encountered.  Thus ,  because  of the calc ium 
in  the bone, X-rays show bone s t ruc tu r e  very  well ,  but the soft 
t i s sues  consist ing of the l ighter  e lements  a r e  not seen  excepting 
when very  high energy X-rays a r e  used.  In addition, s ince  X-rays 
a r e  not readi ly  reflected by a sur face ,  they a r e  not affected by, and 
there fore  do not " s e e ,  " t i ssue in terfaces .  
Sound i s  a mechanica l  radiat ion consist ing of the propagation of an  
e las t i c  wave. The  propagation of sound i s  t he r e fo re  very  much 
affected by the mechanical  p roper t i es  of the m a t e r i a l  through which 
i t  passes .  Sound i s  absorbed in  a homogeneous m a t e r i a l  by the 
dissipation of energy  through vis coelas t ic  effects ,  and i s  par t ia l ly  
ref lected when i t  encounters  an in terface  where  t he r e  i s  a mis-  
match  in the mechanica l  impedance a c r o s s  the  in terface .  In other 
words ,  sound can  "see"  in terfaces .  
F r o m  these  s imple  considerations of the bas ic  p roper t i es  of X-rays 
and sound i t  follows that  i f  we  a r e  to be able  to accomplish  the 
noninvasive visualization of soft t i s sue  s t ruc tu r e  in man ,  then the 
choice of radiat ion m u s t  be sound radiation. Sound a l so  sa t is f ies  
the second requ i rement  of being a h a r m l e s s  f o r m  of radiat ion,  
providing the sound intensity i s  maintained below a threshold safety 
level. X-rays,  on the other hand, exhibit ionization effects a t  a l l  
intensity levels.  Because sound in te rac t s  with the soft  t i s sue  
s t ruc tu r e s ,  the introduction of foreign ma te r i a l s  into the body a r e  
not neces sa ry  and thus the th i rd  requ i rement  i s  sat isf ied.  The 
fourth requ i rement ,  a th ree  dimensional  recording m a y  be accom- 
plished through the u s e  of holography. 
Section 2 
ACOUSTICAL PULSE-ECHO IMAGING 
Acoust ical  imaging for the visualization of soft  t i s sue  s t ruc tu r e s  in  
m a n  i s  not new. Acoustical  pulse-echo imaging has  been used  in  
medica l  diagnosis for some  t ime  now. Pulse-echo methods will  b e  
b r ie f ly  reviewed h e r e  because  t he r e  a r e  s imi la r i t i e s  between the 
fundamental  p roper t i es  of pulse echo imaging and acoust ical  holography 
imaging. Clinical  pulse-echo r e su l t s  a r e  useful  in  that  insight  can 
b e  gained into the image quality that  can be expected f r o m  acoust ical  
holography imaging. 
The re  a r e  s i x  different  f o r m s  of pulse echo imaging used in  medicine  
in  addition to the  doppler ultrasound methods which wi l l  not be  dis- 
cussed he re .  These  f o r m s  include A-mode, B-mode, T-M mode,  
C-mode, mechanical  compound scan  and mechanical  hand scan.  
A-mode presenta t ion provides information descr ibing depth and 
effective s i ze  of a reflecting surface .  When the depth i s  m e a s u r e d  
along the X-axis, the signal  information i s  displayed on the CRT 
along the Y-axis. The amplitude and shape of the rece ived  s ignal  
i s  re la ted  to the s i ze  of the object producing the reflection. One 
common u s e  fo r  this mode i s  to locate the  midline of the b r a in  and 
to determine the possibility of midline shift  a s  occu r s  when a 
growing b ra in  tumor has pushed the midline to one side.  
B-mode presenta t ion provides depth and position information.  The 
echo signals a r e  displayed a s  an intensity modulation of the CRT spot  
a s  the spot sweeps  a c r o s s  the CRT face.  The depth information i s  
displayed along the X-axis and the t ransducer  position i s  shown 
along the Y-axis. B-mode s can  (B-scan) i s  obtained by l a t e r a l  
scanning movement  of the  t ransducer .  
TM-mode presenta t ion i s  somet imes  called T ime  Motion Scan. The 
equipment i s  s e t  to opera te  in the B mode except that  the t ransducer  
i s  held stat ionary.  A t ime-base generator  slowly sweeps  the t r a c e  
i n  the Y di rect ion so  that  effects due to motion of pulsating sur faces  
o r  objects show up c lear ly .  This  i s  used to demons t ra te  ca rd iac  
motion, bicuspit  valve motion,  etc. 
C-mode presenta t ion effectively gives a cross-sect ional  image 
through the subject  under study. The CRT display shows the a r e a  
of the body that  i s  covered by the t ransducer .  Reflections f r o m  the 
in ternal  sur faces  appear  in thei r  c o r r e c t  positions re la t ive  to the 
a r e a  covered. 
Mechanical compound scan  i s  a p rogrammed scanning technique 
which provides c r o s s  sectional  information pertaining to depth and 
position. Intensity modulation i s  used to show a line segment of 
sweep o r  a dot of energy ref lected f r o m  an  in terface .  The t ransducer  
i s  moved to achieve the scan.  The movement i s  a r r anged  so a s  to,  
a s  near ly  a s  poss ible ,  r e su l t  in the acoust ical  pulse impinging 
normal ly  on the in terface  in the body. In the compound scan ,  echos 
f r o m  any d i s c r e t e  point within the object super impose  on the CRT 
thereby resul t ing in a ce r ta in  amount of signal  averaging.  
Mechanical hand s can  i s  a non-programmed scanning technique 
which provides c r o s s  sectional  information pertaining to depth and 
position. This  i s  accomplished in a manner  s imi l a r  to the mechanical  
compound s c a n  descr ibed above, with the exception that  the t ransducer  
i s  maneuvered by hand to achieve normalcy  to the sur face  of the 
subject .  The t ransducer  position and the path of the  sound beam a r e  
e lect r ical ly  synchronized with the CRT t r ace .  This technique i s  one 
of the m o r e  common methods used i n  ul t rasonic  diagnosis. 
IMAGE RESOLUTION 
The  spat ia l  resolut ion in  pulse echo imaging i s  determined by a 
number  of fac to rs .  The longitudinal resolut ion (i. e .  , in the direction 
along the path of the sound beam)  i s  determined by the sharpness  of 
the  pulse and the  phase coherence a c r o s s  the  sound beam.  With a 
good t ransducer  operating in an  idea l  medium the longitudinal 
resolution can  be a f ract ion of an acoust ical  wavelength. Maximum 
phase  coherence occurs  a t  the point of t ransi t ion between the F r e s n e l  
L (nea r )  zone and the Fraunhofer  ( f a r )  zone a t  a distance of a / (4A)  
f r o m  the t r ansduce r ,  where  a i s  the t ransducer  diameter  and A i s  
the acoust ical  wavelength. 
T r a n s v e r s e  resolution i s  determined by the beam width, s ince  a 
point object anywhere in the beam c r o s s  sect ion wi l l  r e t u r n  an echo. 
In the F r e s n e l  zone the beam i s  essent ia l ly  a collimated beam of 
width equal to the t ransducer  d iamete r ,  a .  At the t ransi t ion point 
the beam diverges  into the Fraunhofer zone a t  a half angle + , where  
Both the longitudinal and t r a n s v e r s e  resolutions a r e  degraded i n  
medica l  pulse echo imaging par t ly  due to aber ra t ions  introduced b y  
the biological t i s sue  but par t i cu la r ly  by bodily movement  of the 
patient during scanning. An essent ia l ly  instantaneous recording 
method i s  n e c e s s a r y  i n  o r d e r  to e l iminate  the smea r ing  effect due 
to body movement.  
LINICAL RESULTS O F  PULS ECHO IM AGIN 
A considerable amount of m a t e r i a l  has  been published (Refs 1 
through 3 )  which demons t ra tes  the  cl inical  value of pulse echo imaging.  
The pulse echo images  of soft  t i s sue  s t ruc tu r e s  in  m a n  include among 
o the r s ,  visualization of malignant and non-malignant t umors  in  the 
b r a in  (Refs 4 ,  10, 11, and 17), in  the b r e a s t  (Refs 4, 17, and 18), 
visualization of the eye (Refs 2 and 5 through 9) ,  [including foreign 
bodies (Refs 7 through 9)] , c i r rho l ic  and absces sed  l i v e r s  (Refs 12 
and 15),  kidney (Refs 12, 15, and 20), spleen (Refs 12, 13, and 15), 
pancreas  (Ref 12),  a o r t a  (Ref 12),  Vena cava (Ref 12),  tee th  (Ref 14), 
u te rus  (Refs 15, 16, and 19), fetus (Refs 15, 16, 18, and 19), f e ta l  
death (Ref 15), bladder (Refs 15 and 20), ovar ian cys t s  (Refs 15 
and 17 ), and the  placenta (Ref 17). 
The evidence i n  the l i t e r a tu r e  overwhelmingly supports  the fact  that  
acoust ical  imaging i s  capable of imaging soft  t i s sue  s t ruc tu r e s  in 
man  and yielding valuable cl inical  information. Although the quality 
of the  images  produced by pulse echo i s  often re la t ively  poor ,  the 
physician s t i l l  ex t r ac t s  useful  cl inical  information f r o m  the images .  
The re  can be no doubt the re fore ,  that  any improvement  in e i ther  
image resolution o r  image quality will  greatly enhance i ts  clinical 
usefulness. 

Section 3 
ACOUSTICAL HOLOGRAPHY 
Acoustical  holography (Refs 21  and 2 2 )  i s  a means  fo r  producing a n  
opt ical  field analog of a n  acoustical  field. The pr incipal  difference 
between acoust ical  holography and the conventional f o r m s  of acoust ic  
imaging i s  that  t h e r e  i s  a total  t r ans fe r  of amplitude and phase 
information f r o m  the sound field impinging on the  detection a r e a  to 
the  optical  f ield generated i n  the reconstruct ion process .  The r e s u l t  
i s  that  the image  information in  the optical  f ield i s  th ree  dimensional .  
PRINCIPALS O F  HOLOGRAPHY (Ref 21)  
F igu re  3 .  1 shows the genera l  a r rangement  fo r  recording a n  acoust ical  
hologram. P u r e  tone coherent sound U coming direct ly  f r o m  a 
r 
F igu re  3 .  1 Recording geometry  
reference sound source falls onto the plane H . The object i s  
ensonified either by the reference sound source or  another sound 
source driven by the same signal generator a s  the reference. The 
sound wave U f r o m  the object falls onto the plane H .  The 
0 
monochromatic mutually coherent waves U and U interfere with 
o r 
each other and f o r m  a wave U = U + U . The acoustical hologram 
o r 
i s  the recording of the intensity I of the wave U in the plane H . 
where the a s t e r i sk  denotes the complex conjugate. 
To allow the hologram to be reconstructed with light in the second 
stage of the process  the intensity I i s  linearly recorded on 
photographic film. The developed fi lm i s  then the acoustical 
hologram. If the fi lm r = 2 ,  and the fi lm (acoustical hologram) i s  
illuminated with an  optical wave U which i s  the optical analog of 
r 
the acoustical reference wave U , the transmitted amplitude will 
r 
be proportional to 
where I = U u:" and I = U U" . 
r r r o o o 
Providing the reference wave intensity i s  nearly uniform ac ross  the 
hologram plane, I will  ac t  a s  a constant multiplicative factor. The 
r 
third t e r m  in Eq 3 .  2 i s  the optical analog of the original acoustical 
object wave multiplied by the constant illuminating wave intensity. 
The fourth t e r m  produces the conjugate of the object wave if the 
hologram i s  illuminated with U" instead of U . The f i r s t  t e r m  i s  
r r 
the illuminating wave pas sing through the hologram. The second 
t e r m  i s  the wave U modified by I which in  general i s  not a constant 
r o 
ac ross  the hologram and hence this becomes an interference t e r m  
(which may be neglected i f  / U  I >> I U  1 .  ) Figure  3 .  2 i l lustrates  a 
r o 
typical reconstruction arrangement.  By looking down the U o beam 
through the hologram a virtual t rue  image of the original object may  
be seen since the U beam i s  now an optical analog of the original 
0 
acoustic beam. Likewise the conjugate object wave forms a r e a l  
conjugate image of the object. 
Figure 3 .  2 Reconstruction geometry. 
IMAGE POSITION AND MAGNIFICATION (Ref 23 ) 
Using the  notation in F igu re s  3. 1 and 3. 2, the hologram m a y  be 
considered to be a compound zone plate with a built-in object. To  
a f i r s t  approximation,  the equivalent focal  length f i s  given by 
If m = a l / a  and y = x/A , the r a t i o  of the optical  to acoust ical  
wavelengths,  the  equivalent focal  length f '  of the reconstruct ing 
hologram i s  
l / v t  = l / u l  + l / f l  and l /v"  5; l / u t  - l / f t  (3. 5)  
In genera l  the  t r a n s v e r s e  and longitudinal magnification M and M 
t 1 
wi l l  not be the s a m e  (Ref 23). These  a r e  given by 
M~ = [mu/(u  - v)]  /[ 1 * v' / (u '  - v t  )] (3 .7 )  
whe re  the -t and - s igns  in  Eq  3. 7 apply to the t r ue  and conjugate 
images ,  respect ively .  
An undistorted image  requ i res  that  M = M which i s  only sa t is f ied t 1 
i f  m = p. and u t  = p u ,  i. e. , everything i s  scaled in  the ra t io  of the 
wavelengths. 
EXPERIMENTAL TECHNIQUES 
T h e r e  a r e  many  different  methods available for  recording the 
acoust ical  holograms (Refs 21 and 22). Among these  a r e  the liquid 
sur face  method,  the ul t rasound c a m e r a  method,  and the mechanically 
scanned microphone method. The f i r s t  of these  methods involves 
d i r ec t  square  law detection of the sound, while the l a s t  two methods 
involve l inear  e lect ronic  detection with subsequent recording.  
In the liquid sur face  method of acoust ical  holography, two high 
f requency sound sources  a r e  submerged i n  a water  tank and pointed 
toward the wa te r  surface .  The acoust ic  beams  in te r fe re ,  and the 
resul t ing in terference pat tern ,  which manifes ts  itself a s  a s ta t ionary 
r ipple  pa t te rn  on the wate r  sur face ,  wi l l  b e  the hologram of a n  object  
placed in  one of the beams .  This  hologram can be recons t ruc ted  by 
two methods.  The f i r s t  i s  a " r e a l  t ime" method that  involves 
illuminating the surface  with a l a s e r .  The second method i s  to 
photograph the  r ipple pat tern ,  thereby obtaining a hologram that  
can be  reconstructed in  the usua l  manner .  Recently the liquid 
su r f ace  method of acoust ical  holography has  been used  (by a group 
a t  the Pacif ic  Northwest Laboratory of the Battel le Memor i a l  
Inst i tute)  to r eco rd  some  of the bes t  reconstructed images  obtained 
to  date.  
The ultrasound c a m e r a  method of recording acoust ical  holograms 
involves the u s e  of the Sokolov ultrasound c a m e r a ,  which i s  s im i l a r  
to a television c a m e r a  and display monitor except that  the faceplate 
of the c a m e r a  tube i s  a half acoust ic  wavelength thick piezoelect r ic  
c ry s t a l  (usually quar tz) .  When sound sca t te red  by a n  object impinges 
on the  f ront  of the  c r y s t a l  faceplate,  the c r y s t a l  v ibrates  in  resonance  
with an amplitude and phase  proportional  to  the impinging acoust ical  
amplitude and phase.  An elect ron spot r a s t e r  s cans  the back of the 
c ry s t a l  and the secondary  e lect ron emiss ion  i s  modulated by the 
mechanically induced piezoelect r ic  voltage on the back of the face- 
plate. The secondary  e lect ron emiss ion  i s  picked up and amplified 
via a n  e lect ron mul t ip l ier ,  and subsequently th is  s ignal  i s  added to 
a n  e lect ronical ly  s imulated off ax i s  acoust ic  r e f e r ence  wave. The 
result ing signal  i s  used to modulate the br ightness  of the spot on the  
television moni to r ,  thus yielding the acoust ical  hologram. 
The mechanical  s canning method of recording acoust ical  holograms 
i s  bas ical ly  a technique by which the hologram plane i s  appropr ia te ly  
sampled.  The detected energy i s  converted to light and recorded  in  
a synchronous manner  on a photographic film. In m o s t  c a se s ,  an  
appropr ia te  l inear  t ransducer  scans  a plane in  the medium where  a 
hologram i s  to b e  made.  In one a r rangement  the s ignal  f r o m  the 
t ransducer  i s  amplif ied and then used to modulate a s m a l l  light bulb 
which i s  focused on a photographic plate. In another a r rangement  
the detected s ignal  modulates the brightness of the scanning spot of 
a C R T ,  the face  of which i s  photographed. So long a s  a l inear  
detector i s  used to sample  the sound field,  the  acoust ic  re fe rence  
wave can be synthesized electronically.  
Linear  detection has the important  advantage that  i t  pe rmi t s  data 
process ing to be  per formed  on the detected s ignal  p r i o r  to the 
recording.  Two such operations a r e  used commonly. F i r s t ,  l inear  
e lect ronic  detection of the sound wave allows the r e f e r ence  beam 
(F igure  3 .  1) to be added electronically af ter  detection of the 
acoustical object wave, thereby eliminating the need for an actual 
acoustical reference source (Ref 24).  Electronic synthesis of the 
reference wave i s  now almost  invariably used in electronic recording 
techniques. Second, i t  is possible to modify the object wave signal 
pr ior  to adding i t  to the electronic reference. This i s  done in 
recording a "phase only" acoustical hologram (Ref 21) where the 
object signal i s  modified so that i ts  amplitude i s  constant over the 
hologram plane no matter  what the detected acoustical amplitude i s .  
The modified object wave then contains only the phase information 
in the acoustical object wave and the "phase onlyt1 hologram which 
resu l t s  when this i s  summed with the reference wave has fringes 
s imilar  to a conventional hologram but whose contrast  (visibility) i s  
uniform instead of varying across  the hologram plane. Since the 
modified object wave amplitude i s  constant ac ross  the hologram, 
the second t e r m  in Eq 3. 2 i s  no longer an interference te rm.  
Figure 3. 3 shows the resul ts  (Ref 2 1)  of a "phase only" acoustical 
hologram recorded using a synthesized electronic reference and 
subsequent spatial  filtering to improve the image. A cutout of a 
le t ter  R , measuring 6 f t  by 4 ft with 1 ft lettering widths, was 
placed 6 ft  in  front of an 8 f t  by 10 ft  acoustical hologram plane 
which was scanned with a microplane. A high frequency sound source  
emitting 18 kHz sound (A = 0.75 in. ) was placed 19 ft  in front of the 
hologram plane (13 ft behind the R ) to ensonify the object. The 
"phase only" hologram i s  shown in Figure 3 .3  upper left. Figure 3 . 3  
upper right i s  the reconstructed t rue  image of the R with the 
out-of-focus conjugate image superimposed. Since an electronic 
reference was used, the sound source which ensonified the R was  
itself a second object and i t s  t rue image reconstructed in a different 
F i g u r e  3 . 3  "Phase-only" acous t i ca l  ho logram.  
position (F igure  3.  3 ,  lower left) ,  which demons t ra tes  the t h r ee  
dimensional  nature  of the image.  By  blocking the out-of-focus 
conjugate image  surrounding the reconstruct ion of the sound sou rce  
(bright  dot F i g u r e  3 .  3 lower left)  and only allowing the  sound sou rce  
image  to pa s s ,  the conjugate image i s  removed  f r o m  the t r u e  R 
image  a s  seeni i n  F igu re  3 .  3 lower r igh t  (compare  with upper r ight) .  
This  i s  a n  example of the spat ia l  f i l tering that  can be  done to improve  
the images  i n  holography. 
A color acoust ical  hologram was  made (Ref 22) with sound a t  15, 18 
and 21 kHz by superimposing the respec t ive  images  a s  r e d ,  yellow 
and blue components respect ively  to f o r m  the f inal  color image.  
Such color  holograms give f requency response  information about the  
object  which m a y  prove useful  in  examining complex objects in 
medica l  diagnosis. 
IMAGE RESOLUTION 
The theore t ica l  resolution l imi t  of a n  acoust ical  hologram can b e  
determined f r o m  the Rayleigh c r i t e r ion ,  which gives the minimum 
resolvable  separat ion between two point sou rce s  a s  
whe re  4, i s  the angular separat ion of the  point sou rce s ,  A i s  the  
acoust ic  wavelength, and a i s  the d iamete r  of the hologram. The  
image  resolution obtainable f rom a hologram can a l so  be exp re s sed  
in t e r m s  of the smal les t  in terference fr inge spacing which can be 
obtained i n  the hologram,  the  l imi t  of resolution being one-half the 
minimum fringe spacing. 
In pulse echo imaging,  whe re  the resolution i s  a l s o  determined by 
Eq 3 .  8 ( see  Eq 2. l ) ,  the d iamete r  of the t ransducer  is necessar i ly  
sma l l ,  s o  that the resul t ing theoret ical  resolution l imi t  i s  l a rge ,  
result ing in re la t ively  poor resolution.  However, in  acoust ical  
holography, where  re la t ively  l a rge  hologram a p e r t u r e s  a r e  readily 
obtainable, the l imi t  of resolut ion can be made to approach the 
acoust ic  wavelength. In addition to providing improved resolution,  
a la rge  ape r tu r e  i s  des i rab le  in o rde r  to m o r e  fully develop a 
"three-dimensional" image with paral lax effects. 
As was  mentioned previously (Section 2 ) ,  resolution i s  degraded in 
medical  pulse echo imaging by aber ra t ions  introduced by biological 
t i s sue  and, par t icular ly ,  by the fact  that a l l  living t i s sue  i s  dynamic 
in  nature  due to ca rd iac  activity,  respira t ion,  etc.  Likewise in  
acoust ical  holographic imaging,  aber ra t ions  introduced by the human 
t i s sues  wil l  degrade the resolution of the image;  however,  a s  i n  
pulse echo imaging,  range gating techniques can be employed to 
minimize this effect. But, unlike pulse echo imaging,  acoust ical  
holographic techniques (e. g. , the t empora l  re fe rence  methods 
discussed in Section 4 )  a r e  available which allow essent ia l ly  instan- 
taneous recording,  thus eliminating the image smea r ing  effects of 
bodily movement. 
It  i s  apparent  then that  acoust ical  holography offers  a potentially 
vas t  improvement  in resolut ion over pulse echo techniques for  bio- 
medical  imaging. 
Section 4 
TEMPORAL REFERENCE ACOUSTICAL HOLOGRAPHY 
Tempora l  r e f e r ence  holography i s  a new f o r m  of holography in  which 
l inear  nontime-averaged detection and record ing  of a n  object wave 
a r e  accomplished instantaneously within the  c a r r i e r  frequency cycle.  
This method entails  a d i rec t  recording of the  wavefront,  a s  opposed 
to the ind i rec t  method used in  conventional t ime-averaged holography, 
where  the record ing  i s  s im i l a r  to,  but not the  s a m e  a s ,  a conventional 
hologram. 
Tempora l  r e f e r ence  holography i s  a two-stage process :  In the f i r s t  
s tage a wavefield i s  recorded  instantaneously. Because of the na ture  
of the p roces s ,  the mathemat ical  express ion  for  the recorded  infor- 
mation di f fers  f r o m  that  of a conventional hologram,  and hence no 
re fe rence  wave i s  used and none is synthesized.  The wavefield 
amplitude and  phase a r e  recorded  with r e s p e c t  to t ime ,  not with 
respec t  to another wave -- hence the name  " temporal  reference.  " 
In the second s tage ,  the or iginal  wavefield and i t s  conjugate a r e  
recons t ruc ted  by illuminating the t empora l  re fe rence  hologram with 
a reconstruct ing wave. The reconstruct ing wave shape and i t s  
position re la t ive  to the hologram a r e  d i rec t ly  re la ted  to the t ime  
when the record ing  was  made a t  each point on the  hologram. 
Tempora l  r e f e r ence  acoust ical  holography offers  dist inct  advantages 
for  medica l  imaging,  a s  wi l l  become apparent  f r o m  the  following 
discussion.  
THEORY OF TEMPORAL REFERENCE HOLOGRAPHY 
Recording the  Tempora l  Reference Hologram 
When an  object i s  i l luminated with a coherent monochromat ic  wave 
of frequency o rad ians  per  second,  the wave which i s  s ca t t e r ed  by 
the object wi l l  have a n  amplitude and phase that  a r e  functions of 
position given by  
whe re  A and + a r e ,  respect ively ,  the amplitude and phase of the 1 1 
wave. 
Assume  that  we can  l inear ly  detect  the instantaneous value of U in  1 
a detection plane H(x , y , z ) and that the instant  of t ime  t = t h h h  h 
when the r eco rd  i s  made  i s  e i ther  the s a m e  for eve ry  point on the 
plane (in which ca se  t i s  a constant ,  independent of the  position h 
x , y , z on the plane),  or  the  ins tant  of t ime  t = t i s  different for  h h h  h 
eve ry  point on the plane (in which ca se  t i s  a function of the h 
positions x , y , z on the plane). The express ion for  the function h h h  
which i s  to be recorded  i s  thus ,  f r o m  Eq 4. 1 ,  
When a constant value B i s  added to Eq  4. 2 (to ensu re  positive 
va lues )  and the r e s u l t  i s  recorded  on a photographic plate (whose 
coordinates correspond to the recording plane coordinates) ,  the 
function recorded  on the photographic plate i s  [ B  t A 1 cos(wth t Q~)] ,
which becomes the t empora l  re fe rence  hologram. 
Reconstructing the Tempora l  Reference Hologram 
To recons t ruc t  the t empora l  re fe rence  hologram,  w e  i l luminate the 
plate with a reconstruct ing wave Uo , given by  
where  we  define A a s  constant  (independent of xh, yh, zh) and 
0 
where  + i s  re la ted  to the function t (x , y , z ) by the express ion 
0 h h h h  
The wave t ransmi t ted  by the  developed photographic plate i s  propor t ional  
to 
Putting E q  4. 5 into exponential f o rm ,  
Equation 4. 6 i s  the fundamental relat ionship identifying components 
of the wave emerging f r o m  the t empora l  re fe rence  hologram upon 
reconstruction.  I t  differs f r o m  the equivalent equation produced by 
a conventional t ime-averaged square-law recorded  hologram in one 
significant respec t :  the fourth t e r m ,  which appears  a s  a n  additional 
in te r fe rence  t e r m  in the conventional holography equations,  :: and 
which requ i res  that  the conventional r e f e r  ence-wave amplitude be 
much l a r g e r  than the object-wave amplitude,  i s  absent  f r o m  Eq 4. 6. 
The f i r s t  t e r m  in Eq 4. 6 i s  the undiffracted reconstruct ing wave 
pass ing di rect ly  through the ho logram (i. e . ,  the zero-order  wave).  
The second t e r m  i s  the t r u e  reconstruct ion of the  or iginal  object 
wave,  with the constant amplitude A / 2  acting a s  a mult iplicative 
0 
factor .  The th i rd  t e r m  i s  the dis tor ted reconstructed conjugate of 
the object  wave. 
The Reconstructing Wavefront Uo 
F o r  reconstruct ion,  the reconstruct ing wave U can,  in  general ,  
0 
have any shape (i. e. , any function fo r  + ). However, in  p rac t ice  
0 
i t  wi l l  usually be e i ther  plane o r  spher ica l ,  a s  determined by the 
phase + . If the kind of reconstruct ing wave to be used i s  known, 
0 
the t ime  of recording each point i n  the plane i s  determined f r o m  
E q  4.4.  
If the reconstruct ing wave i s  a plane wave whose wavefront makes  
a n  angle 8 with the  hologram plane, the phase + of the illuminating 
0 
wave wi l l  be constant in one di rect ion along the plane (in the 
y direction,  s ay )  and wi l l  v a r y  i n  the orthogonal (x )  direction.  If 
the velocity of the or iginal  object  wave i s  a , the phase  
-+o 
= (wx s ine ) / a  = wt h (4 .7)  
:::See, e. g. , the second t e r m  of Eq 3. 2 of this repor t .  
If the detector i s  a line detector so oriented in  the y direction that  
i t  can r eco rd  the object wave along the line instantaneously within 
the wave cycle,  and the line detector i s  swept with a constant 
velocity v in  the x direction,  the velocity v a t  which the recording 
line must  move i s  given by 
If v = a ,  8 = 90" .  If v = m (i. e. , if the ent i re  recording i s  made a t  
one instant) ,  8 = 0" . 
Re constructing With a Different Radiation and Wavelength 
If the original  object wavefield was an acoustical  wavefield of 
wavelength A , the recorded temporal  reference acoustical  hologram 
can be illuminated with a reconstructing wave U 1  of a different 
0 
wavelength f r o m  that of the original  acoustical  object wave; moreover ,  
U '  need not be an acoustical  wave. The reconstructing wave U '  may  
0 0 
be a coherent monochromatic optical wave given by 
in which case  Eq 4 . 6  becomes 
1 1 U '  = B U '  t - A ' V '  + - A I A  exp[i(wlt  - (J )] exp 2i+ (4. 10) 
S 0 2 0 1  2 0 1  1 0 
where 
Since 3 and A a r e  the s a m e  a s  in  Eq 4. 1, i t  can be seen  that the 1 1 
recons t ruc ted  wavefront U '  i s  an  optical  wavefield analog of the 1 
or iginal  acoust ical  wavefield U with the ability to f o r m  an  optical  1 
image  of the or iginal  insonified object. However, because  the wave- 
length A of U' i s  in genera l  different  f r o m  the wavelength A of the 
0 
acoust ical  wavefield U the recons t ruc ted  image wil l  be subjected 1 '  
to the s a m e  magnifications and dis tor t ions  that  occur  when a con- 
ventional hologram i s  reconstructed with a different wavelength 
(Section 3 of th is  r epo r t  and References  23 and 25).  
TEMPORAL REFERENCE ACOUSTICAL HOLOGRAM RECORDED 
WITH A SOKOLOV ULTRASOUND CAMERA 
The Sokolov ultrasound c a m e r a  (Refs 26 through 31) i s  s im i l a r  to a 
television c a m e r a  and display monitor except that  the faceplate of 
the c a m e r a  tube i s  a half-acous tic-wavelength-thick piezoelect r ic  
c rys ta l .  When sound impinges on the  f ront  of the c ry s t a l  faceplate 
the c r y s t a l  v ib ra tes  i n  resonance with a n  amplitude and phase 
proportional  to the impinging acoust ical  amplitude and phase. 
Because of the vibration cha rac t e r i s t i c s  of the  c rys ta l ,  t he r e  i s  
re la t ively  l i t t le  t r a n s v e r s e  mechanical  coupling on the faceplate.  
An elect ron spot  r a s t e r  scans  the back of the c rys ta l ,  and the 
secondary e lect ron emiss ion  i s  modulated by the mechanically 
induced piezoelect r ic  voltage on the back of the faceplate.  The 
secondary e lec t ron  emiss ion  i s  picked up and amplif ied via a n  
e lec t ron  mul t ip l i e r ,  and the signal  i s  used to modulate the br ightness  
of the spot  on the  television monitor.  Assuming l inear i ty  in the 
e lect ronics  and television phosphor, the sy s t em can be used  to detect  
and r e c o r d  the sound wave l inear ly .  Hitherto the s y s t e m  had been 
used  only to r e c o r d  the acoust ical  wave t ime-averaged over many 
wave cycles (Refs 26 and 27). 
One of the l imitat ions of the Sokolov tube i s  that  i t  i s  sensi t ive  only 
to sound impinging within &lo0 f r o m  the perpendicular ,  because  of 
the impedance mi sma tch  between wate r  and the piezoelect r ic  c ry s t a l  
(quar tz) .  I t  has  been pointed out previously (Ref 3 2 )  that  in  con- 
ventional t ime-averaged holography this  i s  one ca se  whe re  the 
simulation of an off-axis re fe rence  i s  valuable. In the t empora l  
re fe rence  holography situation we  a r e  not simulating a re fe rence  
wave,  but w e  need to have the actual  acoust ical  object  wave impinging 
c lose  to the perpendicular.  
To  obtain separa t ion  between the ze ro  o r d e r ,  the  t r u e  image ,  and the 
conjugate image i n  the t empora l  re fe rence  ca se ,  i t  i s  neces sa ry  to 
have the reconstruct ing wavefront U off-axis. As descr ibed in  the  
0 
preceding sect ion,  th is  i s  done by scanning a ve r t i c a l  recording 
line with velocity v horizontally a c r o s s  the  ver t ica l ly  placed 
hologram plane (the c a m e r a  faceplate in  th is  case ) .  Unfortunately, 
the Sokolov tube i s  not a line detector ;  i t  i s  a scanning point detector .  
In our exper iments ,  to achieve the effect of a scanning line, the 
e lect ron spot  was  scanned horizontally and re tu rned  to scan  again  
with a slight ver t i ca l  displacement between the scans .  C a r e  was 
taken to ensu re  that  each s can  s t a r t ed  off Ifin s t ep f '  with the preceding 
one (i. e. , a n  integer number  of wave cycles l a t e r ) .  To  accomplish  
th i s ,  the s tandard  ultrasound c i rcui t  (F igure  4. 1)  was  modified s o  
that  the horizontal  sweep was  t r iggered  a t  the s a m e  point during the 
PIEZOELECTRIC I ULTRASOUND 
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Figure  4. 1 Ultrasonic c a m e r a  sy s t em used to r e c o r d  the 
non-time-averaged tempora l  re fe rence  
holograms. 
acoust ic  cycle. This  t r igger  i s  not essen t ia l ,  s ince  without i t  the 
horizontal  sweep duration can be adjusted to be exactly an  integer 
number of acous t ic  cycles.  However,  i t  was  found that  i n  pract ice  
the horizontal  sweep i s  difficult to adjust  with sufficient accuracy ;  
a s  a r e su l t  the hologram fr inges  displayed on the CRT appeared to 
"walk" a c r o s s  the s c r e e n  in the horizontal  direction when the 
camera  was free-running. 
The frequency of the sound was  4.8 MHz. The horizontal  sweep was  
adjusted so  that  the  e lect ron spot in  the ultr-asound c a m e r a  tube 
scanned the piezoelect r ic  detector with a velocity of 9450 ft /sec.  
Figu re  4. 2 shows the recording obtained without any object  between 
the sound source  and the c a m e r a  tube. The sound sou rce  rad ia ted  
a n  approximately plane wave impinging perpendicularly onto the 
ultrasound c a m e r a  detector .  The spot  was  canned f r o m  left  to r ight  
i n  F igu re  4. 2. Had the sound source  radia ted a perfect ly  plane wave ,  
the f r inges  would have been perfect ly  s t ra ight ,  pa ra l l e l ,  equispaced 
ver t i ca l  f r inges .  The var ia t ion i n  f r inge con t ras t  cor responds  to 
the variat ion in the sound-wave amplitude a c r o s s  the hologram. 
Taking the  sound velocity a = 4720 f t / sec ,  we  have f r o m  Eq 4 .8  the  
angle 8 = 30°, which i s  the  angle that  a reconstruct ing wave (of the  
s a m e  wavelength a s  the sound wave)  m u s t  make with the  hologram 
perpendicular ,  to recons t ruc t  the acoust ical  wavefront. However,  
because  the reconstruct ing wavelength i s  sho r t e r  than the recording 
wavelength, this angle i s  reduced correspondingly. 
F igu re  4. 3 (top) shows the  t empora l  re fe rence  hologram that  was  
recorded  in the s a m e  way  a s  that  shown in  F igu re  4. 2, except that  
a n  object -- a cutout of the le t ter  "Xu measur ing  0 .7  5 by 0.7 5 in. 
with 0. 125-in. l imb widths -- was  placed between the c a m e r a  face- 
plate and the sound source .  The "X" and sound source  w e r e ,  
respect ively ,  6 in. and 23 in. f r o m  the c a m e r a  faceplate.  The 
diameter  of the a r e a  scanned on the faceplate was  1 .74  in. Thus,  
for perfect  reconstruct ion the min imum resolvable  dis tance (Ref 25) 
calculated by the Rayleigh c r i t e r ion  i s  0. 05 in. , which means  that  
the le t ter  l imb width i s  l e s s  than th ree  resolution e lements  wide. 
The hologram was  reconstructed by placing i t  in  the converging 
beam of a He-Ne l a se r .  The t r ue  image of the "Xu (F igure  4 . 3 ,  
Figure  4. 2 Nontime-averaged tempora l  r e f e r ence  hologram of the  
4.8-MHz sound wave emit ted by the piezoelect r ic  
sound source  in  F igu re  4. 1 (without object).  The 
hologram fr inges  a r e  the ve r t i c a l  running f r inges .  
Tha t  they a r e  not perfectly s t ra igh t  indicates that  the 
sound wave i s  not perfectly. plane. The variat ion in  
f r inge  contras t  indicates a variat ion in  the  amplitude 
of the  wave a c r o s s  the hologram.   he scanning 
detection spot moves a c r o s s  the piezoelect r ic  c a m e r a  
faceplate f r o m  left to r ight  a t  a speed of 9450 ft/sec. 
F i g u r e  4. 3 Top: Nontime-averaged t e m p o r a l  r e f e r e n c e  h o l o g r a m  
made  under  the  s a m e  conditions a s  those  i n  Fig- 
u r e  4. 2 except  tha t  a  cutout of the  l e t t e r  "X" w a s  
placed between the  sound s o u r c e  and the  c a m e r a  tube.  
Middle: Recons t ruc ted  t r u e  i m a g e  of the  "X" is in  
focus a t  the !eft of the ze ro -o rde r  b e a m  s e e n  in  the  
cen te r  of the  p ic ture .  The out-of-focus conjugate 
image  of the "Xu i s  to  the  r ight  of the  ze ro -o rde r  
beam.  Bottom: Conjugate i m a g e  on the  r igh t  is in 
focus ;  the  t r u e  i m a g e  on the lef t  i s  out  of focus .  
middle)  i s  in focus  to the left of the zero-order  beam,  but the 
conjugate image  i s  out  of focus to the r ight .  F igu re  4. 3 (bottom) 
shows the conjugate image  in focus a t  the r ight  and the t r ue  image 
out of focus a t  t he  left. 
These  r e su l t s  a r e  infer ior  to those which have been obtained 
previously (Refs 25 and 27 ) with conventional t ime-averaged methods 
on the Sokolov ul t rasound c a m e r a  sys tem.  The resolution in the 
image does not equal  the ideal  resolution calculated with the Rayleigh 
cr i ter ion.  The poor image quality i s  due to (a) the s m a l l  s i ze  of the 
object compared  with the  number of resolut ion e lements  that  could 
exis t  in a perfect  reconstruct ion,  ( b )  uneven illumination f r o m  the 
sound source  behind the object, ( c )  the fact  that  the ma te r i a l  f r o m  
which the "X" w a s  cut was  not a perfect  sound abso rbe r  and hence 
t ransmi t ted  s o m e  sound, (d)  multiple reflections between the c a m e r a  
faceplate and the  object ,  and ( e )  nonlinearity in the f inal  recording 
due to nonlineari ty in  the phosphor response  on the CRT displaying 
the hologram and  the  photographic p roces s  to produce the Polaroid  
pr int ,  and hence the t ransparency  used  for  reconstruct ion.  
Because the inherent  l imitat ions of the ultrasound c a m e r a  discussed 
above (l imited a p e r t u r e ,  sma l l  field of view, etc.  ) prevent images  
of good quality f r o m  being produced, t empora l  re fe rence  acoustical  
holograms of med ica l  subjects would bes t  be r eco rded  on detection 
devices other than the ultrasound camera .  The following section 
d i scusses  a detection and recording scheme which i s  d i rect ly  
applicable to med ica l  imaging. 
PROPOSED METHOD FOR OPTICAL RECORDING OF TEMPORAL 
REFERENCE ACOUSTICAL HOLOGRAMS 
General Des cription of Double-Exposur e Subfringe Interferometric 
Holography 
A method for optically recording temporal reference acoustical 
holograms i s  described below. The basic  purpose of this technique 
i s  instantaneously to record  acoustically induced vibrations of a 
surface whose displacements, a s  a function of position, a r e  propor- 
tional to the amplitude of an impinging acoustical field. 
Sound i s  propagated through a medium via periodic displacement 
( s t ra in)  of the constituent molecules. An instantaneous record  of 
the acoustical s t ra in  in a plane in the medium i s  a temporal reference 
hologram of the wavefront impinging on that plane. In practice,  the 
plane will  usually be some boundary of the propagating medium in  
which an acoustically i r radiated object i s  immersed. 
The proposed technique i s  based on a modified form of double- 
exposure interferometr ic  holography. In conventional interferometr ic  
holography the magnitude of the object displacements i s  typically 
severa l  optical wavelengths. Displacement magnitudes a r e  determined 
by applying fringe-counting techniques to the reconstructed image. 
Therefore,  the resulting intensity of the interference pattern i s  not 
a linear function of displacement. In the technique of double-exposed 
subfringe interferometr ic  holography:: the expected instantaneous 
:kit has come to our attention that subfringe interferometric holography 
has been discussed by L. 0. Heflinger and R.  E. Brooks, in "Research 
Program on Holographic Instrumentation - Final Report, I' NASA 
CR-73266 ( T R W  Systems Report 07821-6004-RO-00) 15 June 1968. 
displacement ampl i tudes  wil l ,  in general ,  be l e s s  than an  optical 
wavelength. The  introduction of a h/4 opt ical  shift  between the two 
exposures  helps to l inear ize  the intensity with r e s p e c t  to displacement.  
The edge view of a n  acoustically vibrating sur face  i s  shown in Fig- 
u r e  4 .4 .  A holographic l a se r  sy s t em instantaneously r eco rds  the 
position of the sur face .  A second exposure  i s  then made  half a n  
acoust ic  cycle l a t e r  to double the sensit ivi ty of the recording and 
cancel  the effect  of s t a t i c  deflection. Between the f i r s t  and second 
exposures  a h/4 opt ical  phase change i s  introduced into the object 
(or re fe rence)  beam.  This  phase change shifts  the datum of the 
in terference curve  (F igure  4. 5)  f r o m  the c r e s t  a t  point A to the 
-X/4 position halfway between the c r e s t  and the trough. A zero  
displacement leads  to par t i a l  des t ruct ive  in te r fe rence  a t  the 
-h/4 position, and  the intensity of the sur face  i s  a medium grey  
level. Smal l  posit ive displacements lead to a brightening, while 
sma l l  negative displacements  lead to a darkening. A t  no t ime  should 
the total  displacement exceed X/4 ; otherwise ,  a c r e s t  o r  trough 
would be reached.  F o r  s m a l l  total  d isplacements  not exceeding, s ay ,  
X/8 , and under idea l  c i rcumstances  the intensity of the in te r fe rence  
can be considered a l inear  function of displacement.  Theoretically,  
displacements down to  ze ro  amplitude could be  r eco rded ,  s ince  the 
slope of the in te r fe rence  curve ( d ~ / d x )  i s  constant and a maximum 
a t  the h/4 position (whereas  i t  i s  ze ro  a t  the c r e s t  A ) .  However, 
in  pract ice ,  noise  in the reconstructed image of the sur face  will  be 
the limiting fac tor .  
If ve ry  s m a l l  d isplacements  a r e  recorded ,  the intensity variat ion 
of the reconstructed sur face  may be bare ly  percept ible  on top of the 
DISPLACED POSITION OF SURFACE 
AT INSTANT OF SECOND EXPOSURE 
ONE HALF AN ACOUSTICAL CYCLE MEAN POSITION 
AFTER THE FlRST EXPOSURE \ OF SURFACE 
I DATUM SHIFTED OPTICALLY h / 4  
-- 
SITION OF SURFACE 
SURFACE AT INSTANT OF 
FIRST EXPOSURE 
Figure  4 .4  Relative positions of the two reconstructed images  of the 
acoustically excited sur face .  
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Figu re  4. 5 Brightness  of a point on the sur face  a s  a function of 
d isplacement  of the surface .  
uniform grey  level .  Th is  r ep re sen t s  a weak spa t ia l  frequency 
variat ion on top of a s t rong  dc t e rm .  The dc  level  can be reduced 
o r  removed by conventional coherent spat ia l  f i l tering techniques, 
thus effectively "amplifying" the weak spat ia l  f r inges  . To  maintain 
a l inear  re la t ionship  between intensity and displacement ,  intensity 
variat ions m u s t  be constra ined to a range corresponding to h /8  
excurs ions  about the h / 4  datum point. I t  can be  shown that  this  
condition dictates that  instantaneous surface  displacements  should 
not exceed a magnitude of h / 3 2  about the mean  value. The lower 
bound r ema ins  to  be  determined experimentally. 
We a r e  present ly  i n  the p rocess  of recording t empora l  re fe rence  
acoust ical  holograms in  the 1-5 MHz range using th is  method and 
the s y s t e m  d iscussed  below. Thus the  two exposures  a t  half a n  
acoust ic  cycle a p a r t  wi l l  occur  a t  in tervals  between 500 and 100 n sec .  
The ex t remely  sho r t  period between the  two exposures  has  the 
advantage of maximizing the effect of the displacement  due to the  
megaher tz  acoust ic  radiat ion,  while minimizing low-frequency 
acoust ic  noise  super imposed on the surface .  In  a s ense ,  the 
double-exposure recording method a c t s  l ike  a bandpass f i l ter .  
We propose the  following method of utilizing these  concepts to m a k e  
tempora l  re fe rence  acoust ical  holograms. The method u se s  a 
double-pulsed ruby l a s e r  sy s t em to i l luminate the  en t i re  acoust ical ly  
vibrating sur face  a t  two ins tants ,  half a n  acous t ic  cycle apar t .  In 
this  c a se  t i s  the s a m e  for  the en t i re  t empora l  r e f e r ence  ho logram h 
a r e a ,  and hence,  f r o m  Eq 4 .4 ,  the wave used to recons t ruc t  the  
t empora l  re fe rence  acoust ical  hologram m u s t  be  a plane wave 
impinging perpendicularly to the hologram plane. This  method i s  
descr ibed in  somewhat g rea te r  deta i l  in  the  following paragraphs .  
Double-Puls ed L a s e r  System 
One of many possible pulsed-laser a r r angemen t s  based on the 
foregoing pr inciples  i s  i l lus t ra ted i n  F igu re  4. 6. Utilization of a 
sys t em exhibiting the  essent ia l  f ea tu res  shown in  present ly  underway 
a t  our laboratory.  
The subject  to be in terrogated i s  insonified by a n  acoust ical  sou rce ,  
operating typically a t  1-5 MHz. The diffracted acoust ical  field is 
EXCITED SURFACE 
PROPAGATING MEDIA 
ACOUSTIC SOURCE 
Figure  4. 6 Layout of the double-pulsed-laser subfringe 
in te r fe romet r ic  holography s y s t e m  for  
recording tempora l  re fe rence  acoust ical  
holograms.  
incident on a sur face  which yields a n  instantaneous displacement a t  
the c a r r i e r  frequency,  proportional  to the impinging wavefront.  Two 
Pockels  cel l  Q-switched ruby l a s e r s  a r e  employed to generate  a pa i r  
of 0. 5-J pulses of 20 nsec  duration a t  694. 3 nm. The pulses  a r e  
t ime-separated by a var iable  delay,  continuously adjustable between 
100 n sec  and 10 psec .  
Each pulse i s  sp l i t  by the beamspl i t ter  into an  object  and re fe rence  
beam and subsequently used to r e c o r d  photographically a pai r  of 
over la id  pulsed holograms of the acoustically excited sur face .  The 
t ime  delay enables the recordings  to be separa ted  by the period 
neces sa ry  fo r  the  acoust ical  field to exper ience a 180" acoust ical  
phase shift .  In  addition, a 90" optical  phase shift  is introduced into  
one of the opt ical  channels between recordings .  Under appropr ia te  
spat ia l  and spec t r a l  stabil i ty conditions, which a r e  generally sa t is f ied 
i n  pract ice ,  the resu l tan t  recording i s  a double-exposed inter-  
f e rome t r i c  hologram. The resul tant  recording can there fore  be 
used to r econs t ruc t  a n  image  of the acoust ical ly  excited surface ,  
the instantaneous displacements  of which a r e  displayed a s  var ia t ions  
in  the image intensi ty  of the excited surface .  The r eco rd  of the 
recons t ruc ted  image of the excited su r f ace  i s  the re fore  a t empora l  
re fe rence  acoust ical  hologram of the incident acoust ical  wavefield. 
This  t empora l  re fe rence  acoust ical  hologram m a y  be used to 
recons t ruc t  a n  optical  wavefield analog of the or iginal  acoust ical  
field. 
Some init ial  r e su l t s  f r o m  ear ly  exper iments  achieved with the double 
pulsed ruby s y s t e m  a r e  shown in F igure  4 .7 .  A P Z T  ce ramic  
t ransducer ,  dr iven a t  385 KHz was  recorded  with the double pulse 
system.  Single exposure  holograms showed no indication of sur face  
motion. However,  the  twelfth rad ia l  mode of the t ransducer  i s  
c lea r ly  visible (F igure  4 . 7 )  when the double pulse,  subfringe in ter-  
f e rome t r i c  technique i s  employed. Actually, this  "instantaneous1'  
r e co rd  of the acoust ic  displacement in the t ransducer  plane i s  a 
t empora l  re fe rence  acoust ical  hologram of the "wavefront" impinging 
on that plane. 
Figure 4 . 7  Reconstruction of subfringe interferometr ic  hologram 
obtained f rom double pulse ruby system. 
DISCUSSION 
In conventional holography the hologram i s  the recording of the 
intensity (time-averaged over many wave cycles) of the sum of an 
object wave U and a coherent reference wave U . The mathe- 1 r 
matical  expression for the recorded pattern i s  
In contrast ,  the temporal  reference hologram i s  the instantaneous 
(nontime-averaged) recording of the object wavefield alone, with no 
reference wave. The mathematical expression fo r  the recording i s  
Since Eq 4. 13 i s  not equal. to Eq 4. 12, the temporal  reference hologram 
process does not simulate any reference wave. 
The resu l t  (i. e .  , the reconstruction of the original object wavefield) 
of both processes  i s  s imi lar ,  except that temporal  reference 
holography process  does not produce the additional interference 
t e r m  that is  present in the conventional situation. 
The advantages of temporal  reference holography include the 
following: f i r  s t ,  the interference t e r m  just mentioned i s  absent 
f rom the reconstruction; second, the recording i s  instantaneous ; 
third,  the technique i s  able to tolerate greater  motion of the object; 
fourth, t ime gating for viewing images within a given range can be 
accomplished to a greater  extent than in the time-averaged situation. 
The a rea  (and hence the final resolution) of the temporal reference 
acoustical hologram that can be recorded can be a s  large an a r e a  
a s  the laser  holography system can illuminate. Optical holograms 
of object a r e a s  in excess of 1 m square can be recorded on standard 
4 in. X 5 in. holographic plates. 
The use  of two optical pulses separated by half an acoustic cycle 
increases  the sys t em ' s  sensitivity to sound a t  that frequency and 
effectively acts  a s  a fi l ter to acoustic noise signals a t  other frequencies.  

Section 5 
CONCLUSIONS 
After  this  ini t ial  study of the  general  medical  imaging requ i rements  
and se lected imaging techniques,  we can draw only a few genera l  
conclusions regarding the  feasibil i ty of using acoust ical  holography 
f o r  the noninvasive visualization of soft t i s sue  s t ruc tu r e s  in man.  
Although our  group has  not a s  yet  achieved exper imenta l  verif ication 
of the feasibil i ty of using acoust ical  holography for  imaging within 
the  body, the r e su l t s  (Refs 33 and 34) of o ther  groups  would indicate 
that  the prospects  look good. 
Aside f r o m  exper imental  r e s u l t s ,  this  study has  shown that  acoust ical  
holography sat is f ies  m o r e  of the general  medica l  imaging require-  
ments  than any  other existing technique. Acoustical  holography i s  
certainly noninvasive and does not requ i re  the u s e  of radiat ion levels  
harmful  to the body. Acoustical  holography yields t h r ee  dimensional  
image information. Acoust ical  holography wi l l  image  t i s sue  inter-  
faces  within the body, just a s  do pulse echo techniques. However, 
by utilizing the double pulsed ruby l a s e r  method of optically recording 
a t empora l  re fe rence  acoust ical  hologram,  the resul t ing image can  
be expected to exhibit significantly higher resolution than i s  available 
with e i ther  pulse echo o r  other holographic techniques. This  i s  due 
to the f ac t  that the double pulse technique i s  essent ia l ly  instantaneous 
(thus el iminating a l l  effects of body motion) and can uti l ize a l a rge  
ape r tu r e  plus range gating techniques. 
In spi te  of these  important  advantages,  a l l  acoust ical  holographic 
techniques have one drawback: reconstruct ions  of acoust ical  
holograms exhibit inherent  longitudinal distort ions due to the l a rge  
dispar i ty  between the acoust ical  recording wavelength and the 
opt ical  reconstruct ing wavelength. This  fact  m a y  fo r ce  the image 
to be  viewed in  planar sect ions ,  r a the r  than a s  a t r u e  "three- 
dimensional" image.  
In s u m m a r y ,  it appears  that  acoust ical  holography, utilizing exist ing 
techniques,  i s  in  genera l  feas ible  for  the non-invasive visualization 
of soft  t i s sue  s t ruc tu r e s  in man. 
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